In the course of their investigations on the effects of thermal injury to red cells, Ham, Shen, Fleming, and Castle (1948) have observed that the extent to which swelling occurs in hypotonie media of different tonicity is approximately the same for unheated red cells and for cells heated for short periods to temperatures between 49.6 ° and 50.6°C. Their conclusion that these temperatures have only a small effect on the permeability of the red cell membrane and on the osmotic activity of their contents is interesting because of its implications, since the heated cells show fragmentation and since ceils exposed to temperatures a few degrees higher show even greater fragmentation accompanied by the appearance of innumerable tiny particles similar to the threads and droplets observed during the disintegration of ghosts (Furchgott, 1940) . It is not likely that a simple bag-like structure, in which a fluid interior is enclosed in an investing membrane, could undergo such extensive fragmentation without alteration in its osmotic properties, and so the observations on the effect of heating may be expected to have a bearing on the problem of red cell structure; it is with this aspect of the investigation that this paper is concerned.
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Preliminary experiments having shown that the osmotic behavior of the red cell undergoes a fundamental change when it is heated for 2 minutes to a temperature in the neighborhood of 50°C., the results will be described by considering what occurs in two systems, the first containing human red cells heated for 2 minutes at 48°C., and the second containing human red cells heated for 2 minutes at 52°C.
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EFFECT OF R-EAT ON ~AN RED CELLS surrounding water was 1.5 minutes; after the period of heating, the suspension was allowed to cool to 25°C.
A series of NaC1 solutions of decreasing tonicity ranging from T = 1.0 to 2" = 0:4 is prepared by adding water to 1 per cent NaCI, and 0.5 ml. of the unheated suspension is added to 2 ml. of each of the solutions of the series; similarly, 0.5 ml. of the heated suspension is added to 2 ml. of each of the solutions of the series. The addition of the 0.5 ml. of suspension, 0.3 ml. of which is 1 per cent NaC1, raises the tonicity of the hypotonic solutions, so that the final tonicities in the series are 1.0, 0.913, 0.826... (common difference 0.087) instead of 1.0, 0.9, 0.8... (common difference 0.1). The contents of the tubes are kept at 25°C. and are mixed by occasional inversion. At the end of 1 hour, samples are removed from each system for the determination of red cell volume and of the extent of hemolysis. The volumes are found by spinning in Hamburger hematocrit tubes at 2.7 X I0 s G for 30 minutes, and the amount of hemolysis is found from colorimetric determination of the Hb in the supernatant fluids of the systems. The volume occupied by the intact red ceils of any system is V/(1 -p), V being the volume as read off in the hematocrit tube.
The volumes occupied by the intact red cells are expressed as a fraction of F0, the volume in 1 per cent NaCl, and are then plotted against the function of T,/(T, a), which applies to the system under consideration (see expression 3, Ponder, 1949) ) If the cell behaves as an osmometer, the result is a straight line passing through the origin. The properties of this line have already been discussed (Ponder, 1949) . Its slope is RW., where W is the amount of cell water expressed as a fraction of the initial volume of the cell, and where R is a constant which measures the degree of perfection of the osmometer. W can be found independently by drying to constant weight; in these experiments it has been taken as 0.7 throughout. As one proceeds upwards along the line towards larger volumes and lower tonicities, a tonicity is reached at which lysis of the least resistant cell occurs; this is the critical volume Vh(0). Proceeding still further along the line in an upward direction, tonicities are reached at which the cell of average resistance, and finally the cell of greatest resistance, hemolyzes; these are the critical volumes Vh(50) and Vhcz00~.
The results obtained in an experiment in which the osmotic behavior of untreated red ceils is compared with that of red cells which have been heated for 2 minutes at 48°C. are shown in Fig. 1 . Unheated and heated red cells seem to be equally good osmometers, 2 the points lying satisfactorily along the same straight line (marked A in the figure) , with a slope RW = 0.51; assuming W = 0.7, R = 0.73. The one difference between the unheated and the heated red cells is that the latter begin to hemolyze at a tonicity in the neighborhood of 0.65 while the former do not begin to hemolyze until the tonicity is about 0.57. The explanation put forward by Ham, Shen, Fleming, and Castle to account for this difference is that the critical volume for hemolysis is smaller in systems containing heated red cells because the cells fragment and become more spherical in doing so. and its area will be 4~rr ~. The total area of all the little spheres resulting from the subdivision of the big sphere will be N ( 3v y A --47r \4rN] (4)* * The equations for this tmper and the preceding one are numbered consecutively.
numerical correction, if for no other reason than that 0.85 per cent NaC1 is not an isoplethechontic solution for human red cells. 8 Division of a sphere (or disk) into two equal spheres gives a maximum increase in the surface/volume ration. The real sequence of events is that the disk divides into two or more fragments, not usually equal in size, and that these round up to become spherical.
EFFECT OF HEAT ON HUMAN RED CELLS
The hypothesis under consideration depends on the fundamental idea that lysis in a hypotonic system occurs when the surface A of the swollen and spherical cell of volume V, or the surface A of N swollen and spherical fragments of total volume V, equals the initial surface area A 0 of the discoidal cell of initial volume Vo. For the human red cell, A 0 = 163 #2, and so we can insert various values of iV in expression (4) and compute the value of V which will give A = 163. The results are tabulated in the first two columns of Table I , the value for V = V0 = 87/~s being obtained by interpolation.*
The approximate tonicities in which these volumes occur can be computed from expression (1), some value for R being assumed. The last two columns of Table I give these values of T on the assumption that R = 1.0 and that R = 0.75 (a frequently occurring value) respectively. Other things being equal, a cell which is a perfect osmometer and which can remain intact in a tonicity of 0.365 will hemolyze in a tonic- ity of 0.545 if, after swelling, it divides into two equal spheres, and if divided into 5.3 equal spheres it will hemolyze, without any swelling at all, in a tonicity of 1.0 because the total surface of the 5.3 spheres equal s 163 iz 2, the area of the original disk. This hypothesis can be tested if N is determined by counting the number of intact cells plus fragments present in the suspension before and after heating ;~ N is the ratio of the second number to the first, and is the average number of fragments into which a single cell divides; some cells of the system will no doubt divide into fewer fragments 4 In systems containing unheated red cells, lysis begins in a tonicity of 0.566 and there is 50 per cent lysis in a tonicity of 0.448 (Ponder, 1948 a) . On the line marked A in Fig. 1 , the tonicity of 0.448 corresponds to a volume V/Vo of 1.57, which is considerably less than the value of V/Vo = 193/87 = 2.22, derived from the values (Table I) on the assumption that A 0 ---163 ~e. It may be that A 0 is somewhat overestimated, but it is more likely that the average cell hemolyzes when its volume is substantially less than that of the sphere of area A 0 (Ponder and Robinson, 1934) .
5 The number of cells plus fragments is found by counting on a hemocytometer chamber under quite high illumination. When there is extensive fragmentation, the cell suspension is diluted to a greater extent than when there is not. Care must be taken to allow time for the smaller particles to settle on to the floor of the chamber. Provided that the degree of fragmentation is relatively small, the precision with which N can be determined is greater than one might expect. It should be noticed that ghosts are not counted.
and some into more. The division into the N fragments of Table I is therefore associated with 50 per cent hemolysis (p = 0.5) in the tabulated tonicities.
In the case of systems containing red cells heated to 48°C. for 2 minutes, the amount of fragmentation is usually very small (N = 1.01 to 1.05) and so it cannot be decided with certainty whether it is sufficient to account for the increase in the lysis observed in hypotonic media. The fragmentation can be increased, however, by heating the cells to 48°C. for longer times, e.g. for 4 minutes or for 8 minutes; heating for 4 minutes usually gives h r ---1.3 to 1.5, and heating for 8 minutes gives N = 1.6 to 1.8. e Fragmentation to the extent observed after 8 minutes' heating would certainly account for the difference in the tonicities at which unheated cells and heated cells hemolyze, but the impression which one gets from experiments in which increasing values of N are obtained by heating for increasing times at 48°C. is that the effect on fragility is out of proportion, in the direction of being too great, to the fragmentation as measured by N. ~his point will be referred to again later.
The tonicity-volume relation is substantially the same for red cells which have been heated to 48°C. for 2, 4, and 8 minutes; i.e., the experimental points lie along the same straight line (such as that marked A in Fig. 1 ) as do those for unheated red cells. The only difference lies in the tonicity at which lysis begins; this becomes higher as the duration of the heating is increased, as would be expected from the increase in the amount of fragmentation. Since the associated values of N vary from 1.0 to 1.6, red cells from which fragments have broken off must have the same tonicity-volume relation as unfragmented ones have, and must behave as osmometers of the same degree of perfection (R = 0.65 to 0.75 in different experiments). 7 This means that the properties which are usually referred to as the osmotic properties of the red cell are not necessarily dependent on the integrity of the cell as a unit.
s Considerable individual variation is met with as regards the amount of fragmentation which occurs at temperatures between 48 ° and 52°C., and the value of N has to be. found by trial in the case of each sample of red cells. Appreciable variations in the fragmentability at a given temperature, e.g., 50°C., occur when the red cells are abnormal, as in some of the anemias. The temperature to which the cells are heated seems to be more important than the duration of heating in determining the amount of fragmentation. The amount of fragmentation also depends, to a minor extent, on the vigor with which the heated system is stirred.
Superficially, it would also seem obvious that the small fragments must have the same tonicity-volume relation as the intact red cells have. The contribution which the fragments make to the total volume, however, is only v (N -1)IN , where v is the ratio of the volume of the average fragment to the volume of the intact cell. The volume of the average fragment may be quite small, and so the contribution to the total volume may be so small (3 per cent or less) that a complete failure of the fragments to swell would not affect the experimental tonicity-volume relation appreciably. 
Heating for 2 Minutes at 52°C.
Quite a different result is obtained if the red cells are heated to 52°C. for 2 minutes. Much more fragmentation takes place, and since a fraction p of the cells are hemolyzed, N/(1 -p) is used as an approximate measure of the extent of fragmentation instead of N itself. In these systems, N/(1 -p) varies between 3.0 and 4.5, and the tonicity-volume relation for the intact cells s is now represented by the straight line marked B in Fig. 1 . The slope RW of this line is 1.0, whence R = 0.14, a value much smaller than that which applies to the straight line for the unheated cells or for cells heated to 48°C. for 2 minutes (line marked A in Fig. 1 ). It is clear that the ability of the cell to swell in hypotonic media is greatly impaired after heating to 52°C. for 2 minutes; the systems, moreover, show much more hemolysis than that which occurs in systems containing unheated cells. The latter do not begin: to hemolyze until the tonicity falls to about 0.55, at which tonicity Vh¢0) = 1.44; the former show about 20 per cent lysis even in T = 1.0, whereas in the tonicities T = 0.8 and 0.6, there is 60 and 70 per cent hemolysis respectively. Of the many possible explanations for the low value of R found in systems containing red cells heated to 52°C. for 2 minutes, the one which is most readily investigated is that the prolytic K-Na ion exchange is of such a magnitude as to enable the cells to come into equilibrium with a hypotonic environment without undergoing any large volume change. Measurements of the K and Na contents of unheated and of heated red cells, added to systems of tonicity 1.0, 0.75, and 0.6 were carried out as described by Ponder (1947) the intact cells being separated as quickly as possible after addition to the saline media. The separation and packing, carried out in a high speed centrifuge, took about 15 minutes, and it ought to be pointed out that the material separated cons The volume of the intact cells is taken as being V/(1 -p), but this is only an approximation because the loss of lib from the cells of these systems is not all-or-none. It is not difficult to distinguish in the hematocrit tube between the column of intact cells and the grey column of ghosts above it. The intact ceils certainly have ghosts mixed in with them, but the contribution of the ghosts to the total volume is probably quite small. tained red cells in all stages of fragmentation together with a small proportion of ghosts. Representative results are given in Table II. Heating to 52°C. for 2 minutes is followed by a considerable K-Na exchange (11 per cent K lost and an equivalent amount of Na gained) even when the cells are placed in a medium of T = 1.0; when the cells are added to hypotonic media, the K losses and the Na gains are much greater (66 m.eq./liter, or 66 per cent, of cell K lost in a system of tonicity 0.65; 23 m.eq./liter of Na gained). In each case, the sum K + Na is approximately that which would provide an equilibrium with the medium surrounding the cells.
At temperatures higher than 52°C. the loss of K from the intact cells of the system is still greater. The K loss at any temperature can be calculated from measurements of the amount of hemolysis p in the system together with measurements of the K lost into the suspension medium, expressed as Kp, a fraction of the total K obtainable from lysis of all the cells. The fraction of its K which the intact cell loses is given by
and the extent of fragmentation in the preparation is measured by N/(I -p). Table III gives values for N, p, and F obtained for systems in which red ceils, heated to various temperatures for 2 minutes, are added to 1.4, 1.0, and 0.8 per cent NaCI respectively. The fraction of its initial K which the average intact red cell loses (F) increases with increase in the temperature to which the cells are heated and with decrease in the tonicity T. The K losses shown in Table III occur within the 2 to 3 minutes necessary for the separation of the cells from the supernatant fluids of the systems, and are probably great enough 9 to account for the small values of R found for cells heated to temperatures of 52°C., and temperatures 9 To account completely for the small value of R, the losses of K would have to take place almost immediately after the addition of the heated cells to the hypotonic media. This point has been fuUy discussed elsewhere (Ponder, 1948 b) .
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EFFECT OF HEAT ON HIFMAN RED CELLS above this, for 2 minutes. At the same time the amount of hemolysis p and the fragmentation N/(1 --p) increase with temperature and with decrease in the tonicity of the system. The increase in the amount of hemolysis in tonicities between 1.0 to 1.4 would be easily accounted for on simple geometrical grounds if the cells which hemolyze could be identified as the fragmented ones, for when the average value of N/(1 --p) for the system is 4.2, some cells would certainly have divided into 5.3 or more fragments. This, however, is not the whole explanation, for examination of the intact cells and of the ghosts in such a system shows that both large (probably unfragmented) cells and small fragments remain intact, and that the system contains the ghosts of both large cells and small fragments, Fragmentation, with its effects on the surface/volume ratio, is accordingly not the only factor involved in the hemolysis. The other factor likely to enter into the situation is the effect of heat on the cohesion of the cell surface ultrastructure and perhaps of internal ultrastructures as well3 ° A process of disintegration added to one of fragmentation would account for all the results obtained at the higher temperatures, and would be expected to result in the prolytic loss of K, the appearance of the "polymorphic fragments and innumerable minute particles," and in the loss of Hb in the amounts observed, n SUB,MARY 1. The volume-tonicity relations for human red cells exposed to a temperature of 48°C. for 2 minutes remain the same as those for unheated human red cells. The heated systems show lysis in higher tonicities than the unheated systems do; this is probably largely due to fragmentation with its effect on the geometry of the situation, as suggested by Ham, Shen, Fleming and Castle. When the ceils are heated to 48°C. for longer times, the amount of fragmentation becomes considerable, but the volume-tonicity relation remains the same as before; the properties which are usually referred to as the osmotic properties of the red cell are accordingly not necessarily dependent on the integrity of the cell as a unit.
2. Heating to 52°C. for 2 minutes profoundly modifies the volume-tonicity relation, very little swelling now occurring even in tonicities as low as 0.6. 10 This possibility has been mentioned by Ham, Shen, Fleming, and Castle (a "decrease in the inherent strength of the cell envelope").
n Heating chicken red cells to between 50 ° and 55°C. for 30 to 60 minutes results in a 70 to 80 per cent decrease in the rate of O~ consumption, a reduction of more than 50 per cent in anaerobic glycolysis, and a decrease of about 40 per cent in the lipid content of the cells (Hunter and Stringer, 1943) . Very little cholesterol is lost from the human red cell during the much shorter periods of heating employed in the experiments of this investigation. The effect of longer periods of heating on the loss of cholesterol and of other lipids requires investigation. This is partly accounted for by the large K losses and K-Na exchanges which occur and which become greater as the tonicity is reduced and as the temperature is increased. Fragmentation and hemolysis also increase, the latter out of proportion to the expected effects of the former. Direct effects of heat on the cohesion of the red cell ultrastructure are probably involved.
